INTRODUCTION
A major portion of the structure of a modem transport aircraft consists of a relatively thin skin fastened to underlying elements such as stringers, frames, and ribs. All of these structural elements are critical, and flaws such as corrosion, cracks, and fastener or bond failure must be detected at an early stage. Flaws like cracks or failed fasteners in substructure (stringers, frames, etc.) are currently detected by a painstaking internal visual inspection, which requires complete teardown of the aircraft. Some flaws, such as corrosion, may manifest on the surface of the aircraft and can be detected by an external visual inspection. Even in this case, the internal extent of the flaw cannot be easily determined, and inspectors must determine whether to remove the skin for further inspection. These expensive disassembly and inspection processes create a great interest in nondestructive inspection techniques which can detect subsurface defects by observations made on the surface of the aircraft.
In this paper, we describe some initial verification experiments applying modal analysis techniques to detect some typical aircraft structural flaws. Conventional modal data is taken by fastening an array of sensors (typically accelerometers) to a structure, ptechanically driving the structure, and recording the response at each sensor. Application of the sensors is itself time consuming, and for a thin-skinned structure such as an aircraft, the mass loading of the sensors may significantly affect the results. Hence, in this study we have used laser Doppler velocimetry (also known as laser Doppler vibrometry, or LDV) instead of accelerometers to measure surface response to the driving signal.
We begin by discussing some of the aspects of system health monitoring by modal techniques. We give a brief description of the LDV technique and compare it to conventional modal data taking. We describe two preliminary experiments using LDV and modal analysis for flaw detection, and conclude by suggesting what the next steps might be.
HEALTH MONITORING VIA MODAL TECHNIQUES
Today's society depends upon many structures (such as aircraft, bridges, wind turbines, offshore platforms, and buildings) which are nearing the end of their design lifetime. Since many of these structures cannot be economically replaced, techniques for damage detection and health monitoring must be developed and implemented. Modal and structural dynamics measurements hold promise for the global non-destructive inspection of a variety of structures since surface measurements of a vibrating structure can provide information about the health of the internal members without costly (or impossible) dismantling of the structure. Advanced signal processing, non-contacting and embedded sensors, and analysis/test correlation technologies combine to make this a promising approach for the health monitoring of operational structures.
At Sandia, we have a research and development program underway to investigate health monitoring via modal techniques. Reference [1] describes this program, gives a review of related work at other institutions, and briefly describes three experiments conducted so far: a highway bridge, a wind turbine blade, and the aircraft experiments we cover in this paper. The basic idea is that flaws of interest will affect the stiffuess ofthe structure, which will in turn affect its modal response. The major questions we are trying to answer are: will detectable changes in modal properties occur before the flaw becomes critical; what modal parameters are most sensitive to a particular flaw type; and how can we analyze the data to most readily and conveniently detect these parameter changes?
Excitation Techniques
To conduct a modal test, the structure is typically excited with a known or measurable input which is stronger, in the frequency range of interest, than the ambient mechanical noise. Mechanically driving the structure at a point, as with an electromagnetic shaker or impact hammer, provides good energy transfer into the structure. The driving energy is spatially nonuniform, however, and the area over which the signal has sufficient amplitude may be limited. Air coupled excitation, as with a speaker or point noise source, can provide more uniform excitation, but the energy transferred to the structure is significantly less, the actual signal delivered to the structure is hard to quantify, and the sound may be sufficiently loud to cause personnel hazards. For either driving method, waveforms may be constant-frequency sinusoidal, swept sinusoidal, broad band random, or pulsed, depending on the test. We have used various combinations, as will be described below.
Measurement Techniques
The usual means of collecting modal data is by an array oftransducers (typically accelerometers) attached to the structure. Disadvantages of this technique include the time consumed in placing the transducers, and the mass loading they contribute to the structure. The sensor array is typically spatially sparse, with a maximum of a few hundred sample points. Advantages are that the sensors can be mounted for sensitivity to either in-plane or out-of-plane motion, so by mounting three accelerometers per sample location, vector information can be obtained. Also, the sensors provide information in parallel, so that within the limitation of the sampling/multiplexing electronics, measurements are taken simultaneously at each location.
The scanning LDV is a non-contact optical ''transducer'' sensitive to surface velocity. Its major advantages over accelerometers are versatility in selecting spatial sample points, and its noncontact nature. Its main disadvantages include sequential (as opposed to parallel) data taking, and possibly its scalar (as opposed to vector) sensitivity. Note that the LDV reads velocity as opposed to acceleration.
Another optical technique useful for surface displacement measurements, which we mention here for completeness, is holographic interferometry or holometry. Holometry can be used to measure surface displacements on the order of microns, either in a time-average or double exposure mode. It is an imaging technique, so the sample grid can be very dense, typically 512 by 512 points taken simultaneously. For modal analysis, it can be used in a sine-dwell mode, allowing rapid visualization of operating shapes at a particular frequency. Several images can be made at various frequencies, and the results used to aid in positioning accelerometers or LDV sample points, which can then get time-resolved broad band information for further modal analysis. We are currently working on integration of holographic and LDV instruments at Sandia.
Analysis Techniques
The core question in the modal health monitoring project is "can we detect flaws?" The two major subsets to this question are "what data shall we take?", and "what do we do with the data once we have it?". Ideally, we can develop analysis techniques that are sufficiently straightforward or automatic to be fieldable in the sense that they can be applied by a technician in a rote manner. Currently, we are in the mode of trying various analysis techniques on known flaws to see which works best. In all cases, this is a comparison technique. Ideally, we could compare our results with a theoretical prediction from, for example, a finite element mechanical model based on as-designed information. For structures as complex as aircraft, this is probably an unachievable goal--as-designed information of sufficient detail is difficult or impossible to obtain, and even with it, we believe it would be extremely difficult to sort out acceptable variations in response from actual flaw indications. For now, we are concentrating on before-after comparisons, which require a set of baseline data on the actual structure.
The raw data from these tests is a set of amplitude signals representing either acceleration or velocity at each sample point. Standard modal data acquisition hardware provides rapid Fourier transform capabilities, so for broad band excitation functions such as random or impulse, the frequency response functions (FRF's) can be calculated and stored for each sample point. Of course, if a single frequency (sine-dwell) excitation is used, the raw data consists of structural response at that frequency only. Before-after comparisons of various parameters, such as mode frequency, response amplitude at a particular frequency, and damping can be made on a point-by point basis. One attractive analysis technique is to plot amplitudes of one of these parameters as an image, and use the eye-brain system of the observer to correlate the data spatially and do the global before-after comparison.
Even if the flaw is not readily evident in the parameter comparisons described above, sufficient information may be contained in the entire data set to detect it. A modal extraction on the full data set can be performed, and mode amplitudes (as opposed to the operating shapes described above) can be plotted as an image. Other more sophisticated analysis algorithms, such as the modified STRECH technique [2] are also being considered. At the Center for Aerospace Structures, U. of Colorado algorithms are being developed around the extraction of second-order structural parameters (mass and stiffness) directly from modal data. These could result in plots of structural stiffness similar to the velocity and mode amplitude plots presented here.
LASER DOPPLER VELOCIMETRY
The Doppler effect is the shift in frequency seen when a periodic wave (monochromatic laser light in this case) scatters from a moving object (the surface under test). In most practical cases, the light used to sense velocity v is that which is scattered back in the direction of illumination--in this case, the frequency shift is 6F = 2v/A.. A laser Doppler velocimeter (LDV) instrument contains an optical interferometer which interferes the scattered light with an internal reference beam to detect the frequency F, and usually electronics to convert this frequency to an output voltage proportional to F. Thus, the instrument appears to be a noncontact transducer which has a voltage output proportional to instantaneous surface velocity. These instruments have a large dynamic range. Depending on frequency, commercial LDV instruments can measure from one micron per second to about one meter per second, which translates to amplitudes of .001 micron to one meter. Other LDV models are commercially available that extend these ranges. The instruments we used contained programmable scanning mirrors to direct the laser beam, allowing interrogation of a large number of data points. Reference [3] covers optical Doppler signal processing in some detail.
The LDV has several advantages over mechanical transducers for modal testing. It produces no mass loading, so it can be used on very light objects or in hostile environments. The number and location of the sample points are software programmable, so not only can a moderately dense array of points be sampled (perhaps several thousand points per test), but the sample locations can be changed easily, even dynamically during the test. The scanning LDV also has some disadvantages. The data is read one point at a time, and the integration time may be many seconds per point, depending on signal bandwidth and noise. This means that the drive signal must be stationary or repeatable, perhaps for hours. Also, the coherent light interacts with the diffuse test surface to produce a speckle pattern, which is a random intensity variation in the scattered light. At a particular sample point, the intensity reaching the detector can be zero, producing a signal dropout. The data taking algorithm may need to sense these dropouts and repeat the measurement at a few points. Naturally, optical access is required to the test surface, either by line-of-sight, relay optics, or fiber optics.
By using a triaxial installation, accelerometers can read true vector information at each sample point. With the LDV, only one scalar measurement is made per sample point: velocity in the direction of the laser beam. This means that the sensitivity to a particular motion vector (such as out-of-plane, normal to the surface) may vary as the angle of incidence of the interrogating beam changes for each sample point. Also, to get vector information, the LDV head must be positioned at three separate locations, samples taken at the same set of points, and the data merged. This makes both data taking and analysis quite complex--practical solutions to this problem are the subject of current research.
EXPERIMENTS DC-9 Controlled Damage Experiment
An induced damage test was performed on the front fuselage of a decommissioned DC-9 transport aircraft, which is one of the samples in Sandia's Aging Aircraft Test Specimen Library. A Zonic LAZON system was used to acquire broad-band frequency response functions using a dense grid of spatial measurement points. Figure I shows a schematic of the induced damage test. Stringer S21R forward of frame BS256 on the DC-9 was cut in four stages. An electrodynamic shaker was attached to the skin of the aircraft to provide dynamic input. Random input between 500 and 1500 Hz was used with a two pound maximum amplitude. Data was acquired from 0 to 2000 Hz.
All measurements were acquired with a scanning laser vibrometer on the exterior skin of the aircraft. Two data sets were obtained for each modal test. One data set covered the 38" by 14" area with only 53 measurement points. Measurements were concentrated on the major structural members and around the damage area. A driving point accelerometer FRF was saved for each laser FRF. To reduce noise and problems with signal dropouts, fifty averages were used for the 2048 point FRF's. The second data set took data on a 0.5 inch square grid to produce a measurement set of2233 points. Driving point information was not saved. The FRF's were calculated with 10 averages and 1024 frequency lines. The time required to take this large data set was 3 hours and 45 minutes.
Data analysis from this test is ongoing. The results presented here were generated in the following manner: First, several FRF's were displayed, mainly those from the known damage location. From these, several resonance frequencies were selected. For each of the selected frequencies, an image was created representing response amplitude at that frequency as a function of position on the surface--this image is the "operating shape" at that frequency. Figure 2 shows one of these image sets for each of the 4 damage cases at 1062 Hz. The damaged stringer runs horizontally in the center of these images, with the damage location in the center of the image. The skin is constrained by the stringer, so we expect much greater amplitude of motion within the panels defined by the substructure. As the level of damage increases, we expect to see motion along the stringer as well. In these images, damage is evident only for case 4--the worst damage. The next step was to do a full modal analysis of the data set. The nearest modes to the above were displayed as true mode shape images, as shown in Figure 3 . In this case, the damage begins to appear at case 3, which is an indication (admittedly a preliminary one) that extended data analysis, in this case the extraction of mode shapes, might increase the sensitivity of this technique.
The Composite Patch Experiment
The sample for this experiment was a boron/epoxy composite repair with programmed debond flaws. The sample is 9 by 12 inches, with zones of2, 4,6, and 8 composite plies. The debonds are at various depths. In this case, the excitation was an air coupled rapid rise time pulse, applied once per sample point. The LDV instrument used was a Polytec scanning laser vibrometer, model OFV-50 with OFV-3000S. To conduct the test, sample FRF's were first displayed. Eight likely "relaxation frequencies" were selected, and the instrument programmed to record response amplitude at these frequencies for each sample point. Data was taken on a 16 by 32 point sample grid, and the total time to take one data set was 8.5 minutes, limited by the repetition rate of the acoustic pulse generator. Figure 4 shows a representative result--the motion of the surface is greatest over the debonds, as might be expected. Further development on this technique is ongoing. 
CONCLUSIONS
This study was motivated by a need for rapid, wide area, nonintrusive damage detection methods for structures such as aircraft. These experiments are preliminary, but the results are encouraging. We nave demonstrated that the LDV can be used to collect modal data of sufficient quality to detect damage. Clearly, further research is needed on technique sensitivity, and data analysis methods. There are several techniques under study for damage detection which are available for numerical processing. Global stifthess metrics (static shapes, experimental stifthess matrices, analytical model comparisons) which do not require a one-to-one comparison of modes appear to hold promise.
